The Er-Tm interaction and its effect on the luminescence from Er-Tm codoped silicon-rich silicon oxide ͑SRSO͒ is investigated. Er and Tm ions were implanted into SRSO films, which consist of Si nanocrystals embedded in a SiO 2 matrix. A broad luminescence spectrum extending from 1.5 to 2.0 m was observed under excitation with a single light source due to the simultaneous, nonresonant excitation of both The ever increasing optical information traffic is demanding broadband optical amplification beyond the conventional 1.5-m window currently served by erbium-doped fiber amplifiers ͑EDFAs͒, in order to fully utilize the 1.4 -1.7-m low-loss band of silica-based optical fibers. A logical extension of EDFAs would be the addition of other rare-earth ͑RE͒ ions, such as Tm 3ϩ , that luminesce in the desired wavelength range.
The Er-Tm interaction and its effect on the luminescence from Er-Tm codoped silicon-rich silicon oxide ͑SRSO͒ is investigated. Er and Tm ions were implanted into SRSO films, which consist of Si nanocrystals embedded in a SiO 2 matrix. A broad luminescence spectrum extending from 1.5 to 2.0 m was observed under excitation with a single light source due to the simultaneous, nonresonant excitation of both The ever increasing optical information traffic is demanding broadband optical amplification beyond the conventional 1.5-m window currently served by erbium-doped fiber amplifiers ͑EDFAs͒, in order to fully utilize the 1.4 -1.7-m low-loss band of silica-based optical fibers. A logical extension of EDFAs would be the addition of other rare-earth ͑RE͒ ions, such as Tm 3ϩ , that luminesce in the desired wavelength range. 1 Such an approach, however, has the disadvantage of requiring separate pump lasers tuned to an absorption band of each doped RE ion, greatly increasing the complexity and the cost.
By using Si nanocrystals ͑nc-Si͒ as sensitizers, however, many different RE ions can be excited at once using a single pump source because nc-Si can excite RE ions nonresonantly via an Auger-type interaction with photogenerated excitons. [2] [3] [4] [5] [6] Such nc-Si sensitization also leads to a large effective excitation cross section for RE ions, thus requiring only a low-cost, broadband light source. Recently, we have observed optical gain in such nc-Si sensitized, Er-doped waveguides, demonstrating the feasibility of developing such nc-Si sensitized optical amplifiers. 7 In this letter, we report on the Er and Tm luminescence and Er-Tm interaction in Er-and Tm-implanted silicon-rich silicon ͑SRSO͒ films that consist of nc-Si embedded in a SiO 2 matrix. We can observe broad luminescence from 1. SRSO thin films with 38 at. % Si and 1-m thickness were deposited by electron cyclotron resonance plasmaenhanced chemical vapor deposition of SiH 4 and O 2 , followed by a rapid thermal anneal in an Ar environment at 950°C for 5 min. 3 After deposition, one set of samples was implanted with either Er or Tm ions with energies of 300 and 750 keV to produce a 410-nm thin layer with a uniform RE concentration of 0.04 at. %. These will be referred to as XXL, with XX referring to the RE species. A similar set of samples, referred to as XXH, with a higher RE concentration of 0.08 at. % was also produced. Finally, an Er-and Tmcodoped sample ͑referred to as ErTmL͒ was produced by combining Er and Tm implantation. ͑0.04 at. % each͒ After irradiation, all films were again rapid thermal annealed at 950°C for 5 min and hydrogenated by a 1-h anneal at 700°C in a forming gas environment to remove and passivate implantation defects. Photoluminescence ͑PL͒ spectra were measured using a 1/4-m monochromator, long-wavelength enhanced InGaAs photodiode, and the lock-in technique at room temperature. Either the 477-or 488-nm line of an Ar ion laser was selected for optical pumping. Time-resolved RE PL decay traces were recorded using a digitizing oscilloscope. Figure 1 shows the PL spectra, measured using 200 mW of the 477-nm pump light. Figure 1 demonstrates that with nc-Si sensitization and Er-Tm codoping, it is possible to obtain simultaneous luminescence of both Er 3ϩ and Tm 3ϩ using only a single light source, and thus possibly to obtain a very broad amplification window. However, for such amplification to be possible, the quenching of the Er 3ϩ luminescence due to Tm codoping must be understood and controlled.
Since both the ErH and TmH films luminesce twice as strongly as the ErL and TmL films, respectively, and have nearly the same RE luminescence lifetimes, it unlikely that the higher overall RE concentration of the ErTmL film is quenching the Er 3ϩ luminescence ͑e.g., due to higher implantation damage or concentration quenching͒. However, the fact that Tm codoping reduces both the Er 3ϩ luminescence intensity and lifetime indicates that Tm codoping introduces nonradiative decay paths for excited Er 3ϩ ions. We note, however, that the Er 3ϩ luminescence decay rate from the ErTmL, after a rapid initial decay, approaches that from the ErL film ͓see Fig. 2͑a͔͒ indicating that the nonradiative decay paths introduced by Tm codoping disappear within a few ms after the pump beam is turned off. Such nonradiative decay paths is likely to be attributed by the excited Tm 3ϩ ions, since the excited Tm 3ϩ ions decay within Ͻms as shown in Fig. 2͑b͒ .
Such results, we propose, can be understood by a model in which the Er-Tm interaction is dominated by a cooperative upconversion process in which an excited Er 3ϩ atom decays nonradiatively by exciting an excited Tm 3ϩ ion from the 3 F 4 to the 3 H 4 state ͑see inset in Fig. 3͒ ions. Note that all parameters are dependent on P, except for N, g, and ␣.
As shown in Fig. 2 , the time-resolved Tm 3ϩ PL behaviors are well described by single-exponential decay with constant rate W Tm independent of the presence of Er 3ϩ ions. Thus, when the pump beam is turned off (gϭ0), N Tm * (t) decays as N Tm * (0)exp(ϪW Tm t), allowing us to integrate Eq.
͑1͒ to obtain
͑2͒
where aϵ␣N Tm * (0) represents the Er 3ϩ →Tm 3ϩ energy transfer rate, and is the only unknown value, since W Er ( P) and W Tm ( P) can be obtained experimentally. Figure 3 shows the result of fitting Eq. ͑2͒ to the Er 3ϩ PL decay trace for the ErTmL sample, measured at a pump power of 25 mW, using only a as the fitting parameter. Despite the simplicity of the model, it describes the rapid initial decay followed by the long tail rather well. Additional decay measurements were made at different pump powers in the range from 25 to 600 mW. In all cases, similar fits were obtained. In this power range, the value of a increases slightly from 2ϫ10 3 to 2.5 ϫ10 3 s Ϫ1 , as is shown in the inset of Fig. 3 . To confirm the validity of this energy transfer model, the pump power dependence of the Er 3ϩ and Tm 3ϩ intensities is investigated, as is shown in Fig. 4 . We find that the Tm 3ϩ PL intensity is unaffected by Er codoping at all pump powers ͓Fig. 4͑b͔͒, while the Er 3ϩ PL intensity is quenched by Tm codoping at all pump powers ͓͑Fig. 4͑a͔͒. Note that both the Er 3ϩ and the Tm 3ϩ PL intensities from the ErTmL film increase nearly linearly as the pump power is increased from 25 to 600 mW. Thus, the relative intensity ratio changes only slightly, thereby explaining that a is nearly independent of pump power, as seen in the inset of Fig. 3 . The slight increase in a with increasing pump power is attributed to the fact that the Er 3ϩ PL intensity starts to saturate at a lower pump power than does the Tm 3ϩ PL intensity. In the steady state, dN Er * /dtϭ0, and Eq. ͑1͒ can be rewritten for the ErL and ErTmL case:
where W R is the Er 3ϩ radiative decay rate. Now, in our model, the values related to Er such as g, N, W R , and W Er should be the same for both the ErL and ErTmL films. Thus, by measuring I ErL Er and using the values of a( P) derived from fitting the lifetime data ͑Fig. 3͒, it should be possible to predict I ErTmL Er . The dotted line in Fig. 4͑a͒ is the result of fitting Eq. ͑3͒ to I ErL Er , and the solid line is the prediction for I ErTmL Er using the values of NW R and g (1.5ϫ10 3 J Ϫ1 ) found from the fit and the values of a( P) found in Fig. 3 . We find a good fit for I ErL Er , and more importantly, an excellent agreement between the predicted and measured values of I ErTmL Er even though the prediction had no adjustable parameters at all, which strongly supports the validity of our proposed energy transfer model.
For broadband amplifier applications, such Er-Tm energy transfer reduces the efficiency, and therefore must be reduced. In the case of nc-Si sensitization, however, it will always be present if Er and Tm are codoped homogeneously, since Er 3ϩ and Tm 3ϩ ions are excited at the same time. Thus, the results presented in this letter indicate that for Er-Tm codoping to be successful, the film structure must be engineered on a nanometer scale, so that Er and Tm ions are separated sufficiently to suppress the energy transfer while still maintaining sufficient overall homogeneity for efficient wideband amplification.
In conclusion, we demonstrated broad 1.4 -2.0-m luminescence from Er-Tm codoped silicon-rich silicon oxide films using a single pump source. The Er 3ϩ luminescence intensity and lifetime are significantly quenched by Tm codoping, while the Tm luminescence is not affected by the presence of Er. Based on the results, we propose that energy transfer from the Er 3ϩ : 4 
